Abstract Using satellite observations of Normalized Difference Vegetation Index (NDVI) from NOAA-AVHRR and Terra-MODIS, together with climatic data in a physical evapotranspiration (ET) model, the spatio-temporal variability of ET is investigated in terrestrial China from 1981 to 2010. The model predictions of actual ET (ET a ) are validated with ET values from in situ eddy covariance flux measurements and from basin water balance calculations. The national averaged crop reference ET (ET p ) and ET a values are 916 ± 21 and 415 ± 12 mm year -1 , respectively. The annual ET a pattern is closely associated with vegetation conditions in the eastern part of China, whereas ET a is low in the sparsely-vegetated areas and deserts in the northwestern region, corresponding to scarce rainfall events and amounts. The trends of ET p and ET a are remarkably different over the country, and the complementary relationship between ET p and ET a is revealed for the study period. Averaged over the whole country, ET a showed an increasing trend from the 1980s to the mid1990s, followed by a decreasing trend, consistent with the precipitation anomaly. Across the main vegetation types, annual ET a amounts are found to correspond clearly with the bands of precipitation and ET p .
Tendances de l'évapotranspiration de la surface terrestre à travers la Chine avec des données de télédétection NDVI et des données climatologiques pour 1981-2010
INTRODUCTION
As a linchpin of water and energy cycles, land surface evapotranspiration (ET) is central to climate system and biogeochemical cycles in terrestrial ecosystems. Over the global continents, annual precipitation is about 800 mm and 60% of it returns to the atmosphere by ET (Baumgartner and Reichel 1975, Oki and Kanae 2006) . Evapotranspiration is the dominant component of global water balance, especially in semi-humid to arid areas. However, the latent heat required for evaporating water serves as the largest heat source in the atmosphere when vapour condenses. Generally, reliable estimates of ET are considered seriously in hydrologic, climatic and agronomic predictions for improvement of flood forecasting, water resources governance, drought detection and risk assessment (McVicar and Jupp 1998) , as well as agronomic management (irrigation and fertilization) (Van Niel and McVicar 2004) .
Land surface ET is mainly controlled by solar radiation and atmospheric conditions, as well as vegetation/soil characteristics (e.g. leaf area index, stomatal conductance, soil moisture status). ET information at the large scale is still derived indirectly, along with uncertainty to some extent. In recent decades, direct ET measurements have only been available at tower sites using the eddy covariance technique and Bowen ratio system (Baldocchi et al. 2001 , Brümmer 2012 . At the mid-resolution satellite sensor resolving pixel (around 1 to 10 km), ET may be measured with large aperture scintillometers (Liu et al. 2013) . However, over large areas, ET may only be estimated as a residual of precipitation minus stream discharge, whose accuracy is constrained by lack of storage change information in the soil profile (e.g. Zhang et al. 2001 , Mo et al. 2004 . Extrapolating ET observations over sparsely vegetated sites to a large area is unreliable, due to its great heterogeneity. Instead, physical process-based models, such as the vegetation interface processes (VIP) model (Mo et al. 2004 (Mo et al. , 2009 , have been developed to predict regional ET variability; these integrate vegetation information remotely sensed by frequently revisiting satellites and ground climate data (Bastiaanssen et al. 1998 , Choudhury and DiGirolamo 1998 , Liu et al. 2004 , Mu et al. 2007 , Fisher et al. 2008 , Leuning et al. 2008 , Zhou et al. 2009 , Zhang et al. 2010 . As the land surface temperature (LST) is the most sensitive variable related to water conditions of the vegetation canopy, LST from remote sensing is broadly used to estimate latent heat flux or ET, which is usually calculated as the residual of surface energy balance (Bastiaanssen et al. 1998 , Kustas et al. 1998 . However, since the accuracy is reduced due to contamination by clouds and aerosols, remotely sensed LST is not yet satisfactory for aerodynamic calculation of the surface turbulent heat fluxes, limiting its practical application for continuously monitoring daily ET rates (Li et al. 2009 ). The optical vegetation index, the ratio of spectral reflectance of visible red band (RED) and near infrared band (NIR) (and blue band for enhanced vegetation index, EVI), is capable of reliably detecting variations of vegetation greenness, which integrates the information of canopy leaf area, chlorophyll content, leaf angle and fractional cover. At midresolution pixels, ET rates are found to strongly correlate with the values of vegetation index times temperature, whereas no significant relation with temperature gradient between the land surface and the overlying atmosphere due to landscape heterogeneity is detected (Nagler et al. 2005) . In recent years, vegetation indices have been integrated into the prevailing and physically-based ET models, such as the PenmanMonteith (P-M) model and the Priestley-Taylor (P-T) model for routine prediction of ET at weekly to monthly and regional to global scales (Liu et al. 2003 , Cleugh et al. 2007 , Fisher et al. 2008 , Guerschman et al. 2009 , Yuan et al. 2010 , Vinukollu et al. 2011 , Ruhoff et al. 2013 ). In the P-M model, leaf stomatal conductance is a critical regulator of canopy transpiration rate, which requires careful calibration, especially under sparse vegetative conditions (Leuning et al. 2008 , Zhang et al. 2009 ). Concurrently, soil evaporation may consist of one-third or more of annual ET in some ecosystems that experience seasonal low vegetation density, such as agricultural cropland and grassland. However, the schemes of soil evaporation in the current remote sensing ET models are usually oversimplified, and most neglect the influences of rainfall intensity and soil moisture holding capacity (e.g. Leuning et al. 2008, Kochendorfer and Ramírez 2010) . More sophisticated remote sensing ET models are planned for improvement.
Global climate change is expected to intensify the hydrological cycles, affecting both potential and actual terrestrial ET rates. Remotely sensed ET rates have been used to diagnose the trends of hydrological cycles at regional and global scales (Zhang et al. 2009 , Jung et al. 2010 , Wang et al. 2010 . Jung et al. (2010) found that the rate of global land evapotranspiration increased from the early 1980s to the late 1990s, due to enhanced evaporative demand associated with rising radiative forcing and temperature; however, the increase ceased after 1997 due to soil moisture limitation in the Southern Hemisphere. Correspondingly, before the 1990s the pan evaporation rates in some regions of the world showed declining trends (Thomas 2000 , Roderick and Farquhar 2002 , Burn and Hesch 2007 , Yang and Yang 2012 , which are mainly attributed to the negative effect of decreases of wind speed and sunshine duration over the positive effect of water vapour demand by air warming (Thomas 2000 , Xu et al. 2006 , Burn and Hesch 2007 , Roderick et al. 2007 , Mo et al. 2009 , Zhang et al. 2009 , Yin et al. 2010 . It is reported that there exist significant decadal variations (~10%) of land actual ET in recent decades at regional and global scales (Wang et al. 2010) . Over China, the trends of ET resulting from climatic change/variation are diverse (Gao et al. 2007 ) and Liu et al. (2008) reported that the actual ET rates decreased mainly in the semi-humid and humid regions (East China) and increased in the arid and semi-arid regions (West China) from the 1950s to 1990s, induced by deforestation, irrigation and climatic change. Due to irrigation and global warming, the actual ET rates were increasing in the wellwatered winter wheat and summer maize fields over the North China Plain from the 1980s to 2000s (Zhang et al. 2011) . Evidence of enhanced ET rates was also found in a large portion of the conterminous United States (Walter et al. 2004 ) and most of the pan-Arctic domain (Zhang et al. 2009) .
In this study an improved remote sensing ET model in the VIP modelling framework, which separates canopy transpiration and soil evaporation, and integrates the products of remote sensing vegetation index, is designed to predict seasonal ET over terrestrial China from 1981 to 2010. The model approaches soil evaporation with rainfall events and soil exfiltration. Then the spatial evolution and decadal variations of ET are assessed to quantify the effects of climate change/variation on ET over China.
METHODS AND DATA

Remote sensing ET model at daily scale
Driven by solar radiation and atmospheric aerodynamics, land surface ET consists of three components, namely vegetation transpiration (E c ), evaporation from soil surface (E s ) and canopy interception (E i ). Transpiration rates from leaves are estimated based on the potential transpiration (E cp ), mediated by the minimum stomatal resistance of a specific vegetation type, as well as the environmental stresses of temperature and water, respectively, expressed as follows:
where
) is the potential transpiration rate; f w and f t are the stress functions of atmospheric water vapour pressure deficit and air temperature, respectively. Potential transpiration rate is calculated with the Penman-Monteith equation as:
where R nc is the net radiation absorbed by the canopy ); f c is the fractional cover of vegetation; Δ is the slope of the curve relating saturated water vapour pressure to temperature (hPa°C -1 ); γ is the psychrometric constant (hPa°C -1 ); η is the ratio of the minimum stomatal resistance (r s , min ) of a natural plant functional type to that of the reference crop (the minimum stomatal resistances are adopted as Leuning et al. 2008 and Bastiaanssen et al. 2012) ; C p is the specific heat capacity of air (J kg ); and D is the saturated water vapour pressure deficit of air (hPa). The r a for short grassland is estimated as:
where z is the reference height; d is the zero plane displacement; z o is the roughness length; k is the von Karman constant, 0.41; and u a is the wind velocity (m s -1 ). Here, in estimating E cp for natural vegetation types, the differences for d and z o between the vegetation types are neglected, which may cause insignificant bias in ET estimates.
Perennial plants commonly hold root layers of one to several metres, in which the water storage helps to protect the canopy from severe water stress during seasonal droughts. As most plants are capable of accessing soil water at depth, root zone soil moisture deficit at the large scale shows a good relationship with vegetation indices (Glenn et al. 2011) . Therefore, the changes in fractional cover of vegetation may be taken as a proxy of soil moisture to regulate canopy transpiration. The constraints of air temperature (f t ) and water vapour pressure deficit (f w ) are expressed respectively as (Mu et al. 2007 , Zhang et al. 2010 :
where T a is the air temperature (°C); T opt is the optimal temperature for canopy transpiration (22°C); D o and D c are the water vapour pressure deficits that stimulate leaf stoma closing and completely closed (set as 6.5 and 38 hPa), respectively.
Evaporation from canopy interception is estimated as its potential rate over the wetted fraction of canopy. Soil evaporation is limited by the potential evaporation (E sp ) and soil exfiltration (E ex ) (Eagleson 1978) , namely,
where E sp is the potential evaporation rate (mm d -1 ); R ns is the net radiation absorbed by the soil surface ); G is the soil heat flux (MJ d -1 ); r as is aerodynamic resistance between reference height and soil surface. For a vegetative surface, G is calculated from R n and f c according to Su et al. (2001) :
where R n is net radiation above a canopy; and Γ c (~0.05) (Monteith 1973) and Γ s (~0.315) (Kustas and Daughtry 1990) are the ratios of G to R n for full vegetation canopy and bare soil, respectively. For a water body, the ratio of G to R n is set as 0.26 (Frempong 1983) . Soil moisture exfiltration rate (E ex ) (mm d -1 ) decreases as surface soil moisture is depleting, expressed as (Choudhury and DiGirolamo 1998):
where S is the soil-controlled exfiltration volume, determined by the soil texture and structure, etc.; t is the time (days), elapsed since the day following rainfall; S is usually falling by 3-5 mm d -1.5 , and in this study a value of 3.5 mm d -1.5 is set. Fractional cover of vegetation and leaf area index are strongly related with remote sensing vegetation indices, such as NDVI (Normalized Difference of Vegetation Index) and EVI (Enhanced Vegetation Index). The fractional cover is retrieved, as by Li et al. (2005) , in the following:
where β is an empirical constant, being 0.6 to 1.2, taken here as 0.7; VI max and VI min correspond to conditions of full vegetation cover and bare soil, respectively.
Net radiation fluxes absorbed respectively by the canopy and underneath the soil surface are partitioned with a weight of fractional cover, namely,
R n is calculated according to Allen et al. (1998) :
where R S and R L are the incoming net shortwave radiation and the outgoing net long-wave radiation
), respectively; α is the land surface albedo; n and N are the actual and potential sunshine durations, respectively; R o is the incoming solar radiation at the top of the atmosphere ); e a is the air vapour pressure (hPa); and σ is the Stefan-Boltzmann constant. The land surface albedo is generally decreasing as vegetation greenness increases, and is approximated using the following expression by Gao (1995) :
where SR is the simple ratio vegetation index, expressed as (1 + NDVI)/(1 − NDVI). A three-layer soil moisture budget scheme (Mo et al. 2004 ) is used to predict the moisture storage changes, expressed as:
where θ i (i = 1,2,3) is the soil moisture in the soil layer i with thickness L i , set as 2, 98 cm and 50 cm in the soil profile respectively; P n is the net precipitation; Q i,i+1 (i = 1,2) is the flow between the ith and (i + 1)th layers; Q 3 is the gravitational drainage from the bottom layer.
Study area
China is located at the eastern margin of the Eurasian continent with an area of 9.6 million km 2 . Owing to its large longitudinal (73°E-135°E) and latitudinal (15°N-53°N) extent, most of the climates and terrestrial ecosystems on the Earth may be found in the country. In its eastern part, the summer monsoon accompanies a great part of the annual rainfall and decreases gradually from south to north. Over the whole country, the annual precipitation decreases gradually from the southeast coastal area to the broad northwestern inner continent. The mean annual precipitation and temperature are about 600 mm and 9°C, respectively. Cold air flows are prevailing over most of the country in winter; these flows stem from the Siberia terrain and the Mongolian Plateau. There, the Tibetan Plateau is considered as the third polar region of the Earth, with an elevation of 4500 m above sea level. Only 13% of the country's land is arable, where the North China and the Northeast China Plains are the two principal cropping zones.
Data
Land-use/cover data classified from Terra-MODIS (Moderate Resolution Imaging Spectroradiometer) images were used (http://modis.gsfc.nasa.gov) (Fig. 1) . NDVI data series (from 1981 to 2006) were downloaded from the semi-monthly 8-km AVHRR GIMMS NDVI product (http://disc.sci.gsfc.nasa.gov/ landbio/). The 16-day composite NDVI series of the Terra-MODIS product (from 2000 to 2010) were also used (http://modis.gsfc.nasa.gov). The MODIS NDVI data series from 2007 to 2010 were adjusted to AVHRR NDVI series by linear regressions between the two series at each grid. The above NDVI data series were corrected with the S-G filter (Savitzky and Golay 1964) to remove contamination by cloud and abrupt points, and then interpolated to daily values with the Lagrange polynomial method. Daily meteorological data at 730 stations (http://cdc.cma.gov.cn/) were gridded with the gradient inverse distance square method (GIDS) (Nalder and Wein 1998) , in which the effects of terrain, latitude and longitude were considered with multivariate regressive analysis. We assessed the GIDS accuracy with cross-validation (Lin et al. 2002) over terrestrial China, and found that its performance was better than the inverse distance square method.
Eddy covariance flux measurements in the Yucheng Agro-ecosystem Station (YC; 116°38′E, 36°57′N), the Taoyuan Agro-ecosystem Stations (TY; 111°30′E, 28°55′N) and Xilinhot Grassland Ecosystem Station (XL; 43°38′N, 116°42′E) were used for model validation. The water flux was recorded with a Li-Cor 7500 open-path CO 2 /H 2 O analyser. Winter wheat and summer maize were rotationally planted at the Yucheng site and double cropping paddy at the Taoyuan site. At the Xilinhot site, the vegetation is natural grassland. The data used for validation purposes were 30-min averages. Stream discharge data were collected for 62 basins distributed from south to north in the eastern part of the country, for the period 2000 to 2010. The sizes of the basins range from 300 to 130 000 km 2 , covering 13.8% of the study domain.
Model running
The model was run from 1981 to 2010 with a grid size of 8 km over the domain at the daily scale. Global radiation is calculated using daily sunshine duration. The minimum stomatal resistance (r s , min ) is the key parameter directly related with vegetation/cover types and its value is collected from the literature (Kelliher et al. 1995 , Leuning et al. 2008 , Bastiaanssen et al. 2012 . For various agricultural crops, r s , min is usually taken to be 100 s m -1 as the reference value under irrigation conditions. The following values are assigned to the natural vegetation types: coniferous forest, 300 s m . In the simulation, ratios of r s , min between natural vegetation and crops are used in calculation of canopy potential transpiration. This modification avoids the bias from taking the crop reference transpiration for other vegetation types.
RESULTS ANALYSIS
Validation of the predicted ET at different scales
Averaged over the pixels around the test sites, the simulated daily ET rates are validated with measurements of eddy covariance over a winter wheat-summer maize cropping system in Yucheng, a doubling cropping paddy field in Taoyuan , respectively, at the three sites ( Fig. 2(a-c) ). The best fit lines are all around the 1:1 line. It is found that the predicted daily ET rates are relatively close to those measured. In respect of observations, the measured ET may contain some biases, since the eddy covariance measurements of turbulent heat fluxes were not corrected to fulfil the energy closure requirement, which is about 10-20% lower than the available energy. The accuracy of daily ET predictions is consistent with published remote sensing models, such as Mu et al. Zhang et al. (2008) , for 128 gauged catchments in Australia.
Spatial patterns of reference and actual ET at annual scale
Theoretically, long-term land surface ET rates are principally dominated by both precipitation and available energy at the regional scale (Budyko 1974) . The available energy may be measured as potential ET, which is calculated using the FAO crop reference formula and hereafter denoted as ET p . To show the difference, the ET simulated by our model is hereafter called actual ET and denoted as ET a . As shown in Fig. 4(b) , the pattern of ET p illustrates remarkable spatial heterogeneity associated with terrain elevation and latitude. Low ET p values from 500 to 700 mm year -1 occur in the northeastern zone and the Tibetan Plateau where the climate is cold. High ET p values (1000-1400 mm year -1 ) are found in southern China, the North China Plain, and the northwestern arid region. The spatially-averaged ET p is 916 ± 21 mm year -1 (mean ± standard deviation, year-year-variation) in the study period.
As shown in Fig. 4(c) , the predicted annual ET a (60-1400 mm year -1 ) exhibits large spatial variability across the country, decreasing gradually from southeastern to northwestern areas. The ET a pattern is consistent with that of annual precipitation (PPT) (Fig. 4(a) ), indicating that annual ET a is regulated/ or dominated by precipitation at the large scale. However, the annual ET a values in the irrigated croplands are larger than the local precipitation in the water limited areas, whereas the NDVI values are generally higher in the irrigated croplands than in the surrounding natural vegetation during the growing season. For the whole area, the multiyear averaged ET a is 415 ± 12 mm year -1 in the study period, which is about 72% of PPT and 45% of ET p . Our predictions are consistent with other studies on ET in the same domain, such as Zhou et al. (2010) , who reported an average ET a of 442 mm year The frequency distributions of annual PPT, ET p and ET a are presented in Fig. 5(a,b,c) , respectively, in the study area. It is shown that the frequency , showing relative narrow variability.
Seasonal variation of actual ET
Averaged spatially over the country, monthly ET a follows a one-peak pattern, namely increasing from January, reaching its peak in July, and then decreasing in autumn and winter (Fig. 6) . The maximum monthly ET a is 76.1 ± 3.9 mm in July and the minimum is 7.4 ± 0.8 mm in January. Cumulative ET a in the summer season (JJA) is about 50% of its annual value. The standard deviations of monthly ET in the study period are low following the seasonal variation of ET, which corresponds to the East Asian monsoon climate characterized by a hot and wet summer and then a cold and dry winter. As shown in Fig. 6 , monthly ET a is lower than PPT except in December, and both ET a and PPT are lower than R n (water equivalence) around the year. Only about 43.4% of available energy is used for latent heat flux at the annual scale.
As shown in Fig. 7 , the spatial patterns of seasonal ET a are distinctive: ET a is less than 26 mm month -1 over most areas in the winter season (DJF) under the dormancy condition of vegetation and low precipitation. In spring, ET a reaches 40-70 mm Recent ET trends across China with an improved remote sensing modelmonth -1 in the southeastern area, accompanied by plentiful solar radiation, rising air temperature, seasonal soil thawing, and re-vegetative leaf expansion of the natural plants and sown crops. Specifically, it is noticed that ET a over the North China Plain is obviously higher than the surrounding areas, because of vigorously growing winter wheat under irrigation conditions. During the summer season (JJA), ET a rates are high, with a maximum of 150 mm month -1 in the eastern regions of China, due to sufficient precipitation along with the oceanic monsoon. ET a is low over the desert areas in the northwest, except for the oasis patches which depend on irrigation water input during crop growth periods. When the rainy season has gone and the air temperature is declining in autumn, ET a rates decrease noticeably in the vegetative eastern areas, whereas the maximum ET a is still around 80 mm month -1 in the furthest southern subtropical areas. Generally, the spatial patterns of seasonal ET a vary remarkably, and water lost to the atmosphere via ET mainly occurs in the summer season over the vegetated lands.
Inter-annual variations of ET a in relation to
PPT and ET p
As shown in Fig. 8(a) , spatially-averaged ET p is decreasing before 1992, and then changes to increase. The decline of ET p mainly results from the decrease of wind speed at the lower atmospheric boundary and downward solar radiation, which offset the positive effect of air warming (Liu et al. 2004) . However, the positive effect of air warming on water vapour demand has transcended the negative effects of wind speed and solar radiation, which have been decreasing since 1992 (Liu et al. 2011) . It is also revealed in Fig. 8(a) that the anomalies of annual ET a range from -20 to 30 mm, being about half of those of ET p . The quadratic curve best fit of ET a shows an increasing trend before year 2000 and then is slightly decreasing. A similar trend for global ET a was reported by Jung et al. (2010) . The opposite trends of ET p and ET a verify the hypothesis that there exists a complementary relationship between ET a and ET p in the study area. However, annual ET a shows a significant correlation with PPT (R 2 = 0.60, p < 0.01), indicating that the annual ET a is dominated to a large extent by the annual precipitation. At the decadal scale, the magnitudes of fluctuation of PPT and ET p are much more noticeable than that of ET a (Fig. 8(b) ). The reason is that water storage in the root zone may greatly mitigate the inter-annual ET a oscillation amplitude associated with the inter-annual variability of climate. In addition, even if there was no significant decreasing trend of precipitation in 1981-2010 and the spatially averaged precipitation in the 2000s was 16 mm lower than that in the 1990s, the ET a anomaly is relatively low.
Trends of annual PPT, ET p and ET a
As shown in Fig. 9 , the trend patterns of PPT, ET p and ET a are quite different. Trends of PPT and ET p usually appear with opposite signs in the northeastern and southern areas, because precipitation decrease will give rise to higher incoming radiation and high atmospheric vapour deficit, and then higher ET p . Trends of ET a and ET p are increasing over middle, southwestern and northeastern areas, corresponding to the climatic drying trends. However, it is illustrated that over the North China Plain, the Northeast China Plain and the far northwestern areas, ET a rates are also increasing. The main reason may be associated with agricultural development, with more irrigation water input. In most southern areas ET a rates are decreasing due to PPT decreasing. Over the western part of the Tibetan Plateau, PPT and ET a are increasing, along with a slight decrease of ET p . The significance (F-test) of annual PPT, ET p and ET a trends is illustrated spatially in Fig. 10 . Under α = 0.01 (1% level of significance), the trends of PPT are not significant in most areas of China. The decreasing trends occur in the eastern part of the Inner Mongolian zone and some areas in the southwest, and the increasing trends are in the northern part of the Tibet Plateau. In contrast, ET p rates are significantly increasing in the southern, central and farthest northeastern areas, which cover more than half of the study domain. However, the significant decreasing trends are only found in a few grids. For ET a , significant increasing trends occur broadly in the mid and western areas, whereas significantly decreasing trends appear in most eastern areas from south to north. Sunshine duration shows noticeably decreasing trends due to enhancement of aerosol loading associated with rapid economic development in recent decades (Kaiser and Qian 2002, Streets et al. 2008 ).
Variability of annual ET a in the vegetation types
The mean annual PPT and ET a amounts vary remarkably between land-use/vegetation types (Fig. 11) . The largest annual ET a is from paddy rice fields, and the lowest is from grassland, open shrub and non-vegetated land. The water yields (positive residual of PPT minus ET a ) in wetlands, mixed cropland/natural vegetation lands and woody savanna are more distinctive. In all vegetation types, the coefficients of variation (CV) in annual ET a , ET p and PPT are less than 10%, 7% and 20%, respectively, indicating that the variability of ET a follows ET p rather than PPT. By analysing the correlation between the annual ET a and PPT, ET a and ET p over all the land-use/vegetation types, it is found that the annual ET a corresponds well to annual PPT (R 2 = 0.92) and ET p (R 2 = 0.84, not including water bodies and bare land) (Fig. 12) , confirming that annual ET a is principally determined by PPT and ET p .
Among all the vegetation types, only the grassland and open shrub experienced noticeable ET a increases during the study period (Fig. 13) . The increasing trends mainly correspond to upward precipitation trends. Considering that the grasslands are mainly located in the northern semi-arid areas, this implies that evapotranspiration intensification may lead to more severe drought stresses due to more soil moisture depletion.
CONCLUSIONS
A simplified model based on the P-M equation and integrated with remotely sensed vegetation index series was developed to simulate the spatio-temporal evolution of ET over terrestrial China. The model mitigates dependence on the input requirements of precipitation and agricultural irrigation amounts, which are usually not available at the grid scale. In the model, calculation of soil evaporation is directly related to rainfall events rather than rainfall amount, in order to reduce the uncertainty associated with the high variability of precipitation. By creatively Fig. 10 Significance of the annual trends of precipitation (PPT), ET p and ET a (-1, 0 and 1 in the legend refer to significance in decreasing trend, no significance and significance in increasing trend under 1% level of significance, respectively). proposing the ratio of the minimum stomatal resistance of a natural plant functional type to that of the reference crop, the model avoids the bias from taking the crop reference transpiration for other vegetation types as done by most remote sensing ET models. The simple model structure mitigates high computational load as required by most detailed processbased models for ET estimation in an area as large as China. Although the model has no constraints of water balance, the predicted daily ET a is well validated with eddy covariance measurements, and the annual ET a is verified with the basin water balancederived ET.
At the national scale of China, it is revealed that annual ET a is highly diversified and its pattern is closely associated with vegetation conditions in the eastern area, whereas the annual ET a is low, corresponding with scarce rainfall events and amounts in the sparsely-vegetated areas and desert. Although the trends of annual PPT, ET p and ET a are markedly different over the country from 1981 to 2010, a complementary relationship between ET p and ET a exists. Annual ET a increased from the 1980s to 1990s, and then decreased, corresponding to precipitation availability. Among the vegetation types, only grassland and open shrub present slightly increasing annual ET a . The attributions of ET trends to climate change and human activities and their spatial variability are still awaiting further investigation. 
